A structurally unique glucosinolate (GSL) was identified to be 4-(-D-glucopyranosyldisulfanyl)butyl GSL in rocket leaves. The positive-ion electrospray ionization mass spectrometry (ESI-MS) data indicated that the new GSL had a molecular weight of 521 (m=z 522, ½M þ H þ , as desulfo-GSL). The molecular formula of the substance was determined to be C 17 H 32 O 11 NS 3 (m=z 522.1143, ½M þ H þ ) based on its positive-ion highresolution fast atom bombardment mass spectrometry (HR-FAB-MS) data. For the further confirmation, desulfated GSL of 4-(-D-glucopyranosyldisulfanyl)butyl GSL was prepared by commercial 1-thio--D-glucose and dimeric 4-mercaptobutyl desulfo-GSL, which was also isolated from rocket leaves, and its chemical structure was then confirmed by MS data and nuclear magnetic resonance (NMR) spectroscopy. In addition, the antioxidative activity of 4-(-D-glucopyranosyldisulfanyl)butyl desulfo-GSL was measured by means of chemiluminescence (CL) for evaluating the functional properties. The antioxidative activity (2.089 unit/g) was relatively higher than that of dimeric 4-mercaptobutyl desulfo-GSL (1.227).
Rocket salad (Eruca sativa L.) commonly known as 'rucola' in Italy, 'ackerrauke' in Germany and 'kibanasuzushiro' in Japanese, is an annual herbaceous plant belonging to the Brassicaceae family. In Japan, rocket salad has proved a useful plant of steadily increasing economic potential since the 1990s because of its spicy hot taste and short biological cycle (45-60 days), and the fresh green leaves are primarily used in salads. The plant has a characteristic horseradish-like odor and biting taste, and the leaves smell like sesame seeds, which are a great favorite with the Japanese. 1, 2) It is thought that the characteristic pungent or bitter taste and flavor of rocket salad may be related to the presence of glucosinolate (GSL) and its breakdown products. 3) GSLs, a diverse group of sulfur-containing glycosides possessing general structure (1a, Fig. 1 ), occur naturally in the Brassicaceae family and can formally be derived from amino acids such as methionine, phenylalanine and tryptophan. They are hydrolyzed by the enzyme, myrosinase (thioglucosidase, EC 3.2.3.1), to glucose, isothiocyanates, nitriles, sulfate and thiocyanates upon plant injury or during food processing. These breakdown products are known to contribute to the characteristic unpalatable flavor of Brassica crops and also have several biological activities including anti-carcinogenic, anti-fungal and anti-bacterial effects. 4) To date, more than 120 GSLs have been identified in sixteen families of dicotyledonous angiosperms, including a large number of edible species. 5) A unique GSL has recently been identified as dimeric 4-mercaptobutyl GSL (3a) in leaves of rocket salad. 3) This dimeric GSL is first detected as a structurally unique compound due to having two glucoses and an S-S bond, and has a relatively high molecular weight (M r ) of 652 as desulfo-GSL because of the dimeric disulfide structure. We have recently found another unknown GSL compound which is one of the major GSLs in rocket leaves. It also had a relatively high M r of 521 as desulfo-GSL obtained by the MS spectrum. The new GSL did not match any GSL compound in our data base of HPLC profiles and MS spectra, even though its retention time (t R ) by HPLC was very close to that of but-3-enyl GSL (gluconapin as a trivial name, M r of 293 as desulfo-GSL) which is one of the major GSLs in Brassica rapa. 6) In general, antioxidative activity is used as an index of the biological defence mechanism against active oxygen * Present address: National Agricultural Research Center for Hokkaido Region, Shinsei, Memuro, Kasai-gun, Hokkaido 082-0071, Japan ** Present address: Institute for Energy Utilization, National Institute of Advanced Industrial Science and Technology (AIST), Tsukisamuhigashi, Toyohira-ku, Sapporo 062-8517, Japan y To whom correspondence should be addressed. Tel: +81-11-857-9301; Fax: +81-11-859-2178; E-mail: namuamid@affrc.go.jp
Abbreviations: CL, chemiluminescence; ESI-MS, electrospray ionization mass spectrometry; GSL, glucosinolate; HPLC, high-performance liquid chromatography; HR-FAB-MS, high-resolution fast atom bombardment mass spectrometry; NMR, nuclear magnetic resonance spectroscopy species or free radicals in a biological system. It has been well documented that the breakdown products of GSLs had an anticarcinogenic effect in animal experiments; 7) however, the antioxidative properties have not been systematically determined. Plumb et al. 8) recently examined the free radical-scavenging properties of representative extracts and of some purified GSLs from cruciferous vegetables by means of the deoxyribose assay, ABTS [2,2 0 -azinobis (3-ethyl-benzothiazoline-6-sulphonate)] and bleomycin assay. The authors concluded that purified GSLs such as p-hydroxybenzyl GSL (sinalbin), but-3-enyl GSL and 3-methylsulfinylpropyl GSL (glucoiberin) expressed only weak antioxidative properties in their assay system, such that GSLs would be unlikely to account for the direct antioxidative effect of the extracts. However, purified new desulfo-GSL (2b) and 3b would probably have high antioxidative activity due to having an S-S bond in the molecule as an electron donor, but unfortunately, these GSLs or the corresponding desulfo-GSLs have not so far been examined. A new and rapid visual detection system (the XYZ-dish method) for antioxidative activity by CL measurement has recently been developed by Yoshiki et al. 9) This assay is based on photon emission from the H 2 O 2 (X: reactive oxygen species)/KHCO 3 (Y: hydrogen donor)/MeCHO (Z: mediator) system. This is the first report on the antioxidative activity of purified desulfo-GSLs by the XYZ-dish method.
Many methods for the quantitative and qualitative analysis of intact GSLs (1a), and desulfo-GSLs (1b) and their breakdown products have been developed and recently summarized by Kiddle et al. 10) In this present study, only desulfated GSLs were subjected to all the chemical analyses. The aim of the present work was to isolate the new GSL compound by an HPLC analysis, and to identify it by means of ESI-MS, HR-FAB-MS and NMR techniques. Furthermore, the antioxidative activity of a new desulfo-GSL (2b) as well as that of 3b was investigated by XYZ-dish method. C, the samples were lyophilized, ground to a fine powder and stored in a desiccator until needed for a chemical analysis.
Materials and Methods

Chemicals
Extraction of GSLs and preparation of desulfo-GSLs.
A 100-mg aliquot of the ground sample was placed in a 2.0-ml microcentrifuge tube, and crude GSL was then extracted with 1.5 ml of 70% (v/v) boiling MeOH in a water-bath at 70 C for 5 min, and its endo-myrosinase inactivated. The mixture was centrifuged (12,000 g, 10 min, 4 C) and the resulting supernatant was collected. The residue was re-extracted twice more in a similar manner, after putting 100 l of an aqueous sinigrin solution (0.2 mg/ml) as an internal standard in the tube. The combined supernatant was taken as the crude extract of GSLs. 11) This crude extract was applied to a mini-column (using a 1,000-l pipet tip) packed with DEAESephadex A-25 (40 mg dry wt.). GSLs were desulfated by adding a solution of aryl sulfatase (75 l, 29 units) to the column. After an overnight reaction at ambient temperature, the desulfo-GSLs were eluted into a 2.0-ml microcentrifuge tube with 0.5 ml (Â4) of de-ionized water. HPLC profiles were obtained by injecting samples of 20 l in volume.
HPLC analysis. The analysis of the desulfo-GSL was carried out with HPLC apparatus (class-VP chromatography data system) from Shimadzu (Kyoto, Japan) in an Inertsil ODS-2 column (250 Â 4:6 mm, 5 m; GL Sciences, Tokyo, Japan). The column oven temperature was set at 35 C. The analysis was carried out with a flow of 1.0 ml/min at a wavelength of 227 nm, using a diode array detector (SPD-M10Avp) which was set to scan between 190 and 370 nm. Data were recorded and processed with FmV-6750 CL7S equipment (Fujitsu, Tokyo, Japan). The solvent systems employed were (A) de-ionized water and (B) 20% (v/v) CH 3 CN, mixed according to a linear gradient from 1 to 99% of solution B over a period of 18 min, and then kept constant at 99% of solution B for a further 11 min.
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ESI-MS, HR-FAB-MS and NMR analyses. The MS data were acquired by ESI-MS under atmospheric pressure with an API-100 instrument (Perkin-Elmer Sciex Instruments, CA, USA). The analysis was conducted by the direct injection method (10 l/min) with a 0.1% AcOH solution. The MS operating conditions were as follows: ionspray voltage, 4.8 kV (positive-ion mode); orifice voltage, 40 V; nebulizer gas, air; and curtain gas, nitrogen. The API 100 instrument was used with TUNE software (C-Preliminary Release version) for data acquisition and evaluation.
An HR-FAB-MS analysis of the isolated compounds was performed in the positive-ion mode with a JMS-SX102A mass spectrometer (jeol USA, Peabody, MA, USA) operated at a 10-kV accelerating potential. The samples were mixed with polyethylene glycol as the mounting matrix. Ions were produced by bombardment with Xe atoms of 6-kV energy, and the mass tolerance was 5 mmu.
1 H-and 13 C-NMR spectroscopy of the isolated compounds was carried out with a Bruker AMX-300 spectrometer (300 MHz for 1 H-NMR and 75 MHz for 13 C-NMR).
Purification of the new desulfo-GSL on a large scale. A 360-g amount of freeze-dried leaves was weighed and extracted with 70% (v/v) boiling MeOH (11 ml/g dry wt.) in a water bath at 70 C for 30 min. The MeOH extract was filtered through eight layers of gauze, and the residue was re-extracted twice as already described. The combined MeOH extract (ca. 12-liter) was concentrated to 3-liter by rotary evaporation at 35 C. The conc. crude GSLs were applied to a column (25 Â 3:6 cm i.d.) packed with DEAE-Sephadex A-25 (H þ ), and the crude GSLs were desulfated by adding a solution of aryl sulfatase (25 ml; 10,000 units) into the column. Three columns were used in series. After an overnight reaction at ambient temperature, desulfo-GSLs were eluted with 100 ml of de-ionized water seven times while checking the HPLC profiles. The combined eluate was freezedried (approx. Preparation of the new desulfo-GSL. The new desulfo-GSL was chemically prepared by a basecatalyzed exchange reaction, using dimeric 4-mercaptobutyl desulfo-GSL (3b) isolated from rocket leaves and commercial 1-thio--D-glucose (5) . To the solution of 3b (1 mg in 1 ml of H 2 O) was added a 0.1 N NaOH (0.1 ml) solution. To the mixture stirred for 3 min was then added 2 mg of 5, and the pH value of the mixture stirred was adjusted to 11.6 by the addition of a 0.1 N HCl (0.15 ml) solution. After adjusting to pH 7.0-7.2 with 2 N HCl, the solution was analyzed by HPLC, and four peaks (2b, 3b, 4b and 5) were apparent in the HPLC profiles. Each peak was directly collected from the HPLC effluent and the constituents were characterized by an MS analysis. For further confirmation, the NMR spectrum of the prepared new desulfo-GSL (2b) was also obtained.
CL measurements of antioxidative activity. The CL (XYZ-dish method) measurement of the two purified desulfo-GSLs (2b and dimeric 4-mercaptobutyl desulfo-GSL (3b)) was carried out by a CL Analyzer (CLD-110, Tohoku Electronic Ind. Co., Sendai, Japan), consisting of a CL detector (CLD-110I), sample chamber (TLU-21), cool circulator (Scinics Scientific Instruments, Tokyo, Japan) and D-2500 chromato-integrator (Hitachi, Tokyo, Japan). Ultra-weak CL (photon, P) emission occurs in the presence of reactive oxygen species (X), active oxygen-scavenging substances or a hydrogen donor (Y) and receptors or mediator (Z), and the relationship among the factors is indicated by ½P ¼ k½X½Y½Z (k is a photon constant). In this assay, the reaction mixture (5 ml total volume) consisted of 2.50 ml of MeOH diluted with 2.25 ml of a 50 mM phosphate buffer (pH 7.0) containing 125 l of 441 mM H 2 O 2 (X) and 125 l of 1136 mM MeCHO (Z). A solution (10 ml) of 10 mM gallic acid (Y) dissolved in 100% MeOH was used as a standard solution. The photon emission was measured at 23 C for 1 min by injecting 200 l of the reaction mixture into a stainless steel dish containing 100 l of gallic acid or a sample (Y) dissolved in 100% MeOH. The antioxidative activity of each sample was quantitatively measured in comparison with the CL intensity of gallic acid. The activity value (unit/g dry wt.) of each sample was calculated as 1 unit = CL intensity of a 1 mM gallic acid solution (slightly modified from the method of Iwai et al.).
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Results and Discussion
Identification of the major GSLs
The crude GSLs were extracted with 70% (v/v) boiling MeOH from the leaves of rocket salad and purified in a DEAE-Sephadex A-25 column after being desulfated with aryl sulfatase. As a result, several peaks were obtained as indicated by the HPLC profiles (Fig. 2) , and three desulfo-GSLs were identified as 4-methylsulfinylbutyl desulfo-GSL (peak 1), 4-methylthiobutyl desulfo-GSL (peak 4) and dimeric 4-mercaptobutyl desulfo-GSL (peak 5) based on their retention times in comparison with those in our data base. The identity each of these three GSLs was then confirmed by the MS data ( Table 1 ). The desulfo-GSL of peak 2 was 2-propenyl desulfo-GSL that had been used as an internal standard. The desulfo-GSL corresponding to peak 3 has not previously been identified in rocket leaves. 1, 3, 14) Structural elucidation of the unknown GSL The unknown GSL was further purified by column chromatography after freeze-drying, and its identity confirmed by the retention time from HPLC and by the MS data. The positive-ion ESI-MS data indicated that the new desulfo-GSL had a molecular weight of 521 (m=z 522, ½M þ H þ ). The molecular formula of the substance was determined to be C 17 H 32 O 11 NS 3 based on its HR-FAB-MS data (m=z 522.1143, ½M þ H þ ). In the 1 H-NMR spectrum of the compound in D 2 O, signals originating from a carbohydrate were observed at 3.3-4.9. Since their integration values and two signals of the anomeric protons of the carbohydrate were observed at 4.89 and 4.40, the presence of two carbohydrate groups in the structure was suggested. This was supported by an HH-COSY analysis that showed two patterns of continuous signal correlation from the anomeric position to the 6th position. On the other hand, three signals of 2.77, 2.52 and 1.67 indicated a 1,4-disubstituted butyl group, the signal at 2.52 being correlated with the signal at 4.89 through a quaternary carbon signal at 158.1 from the HMBC analysis. These results suggest Three desulfo-GSLs were isolated from rocket leaves by HPLC and identified as 4-methylsulfinylbutyl desulfo-GSL (peak 1), 4-methylthiobutyl desulfo-GSL (peak 4) and dimeric 4-mercaptobutyl desulfo-GSL (peak 5) based on their retention times by comparison with data in our data base. Those GSLs were then confirmed by the mass spectrometry. The GSL in peak 2 was allyl desulfo-GSL that was used as an internal standard. The GSL of peak 3 has not previously been identified in rocket leaves. 
a In respect of the side-chain R in the general structure in Fig. 1 .
that the partial structure of this compound was that of a 4-substituted butyl desulfo-GSL. In the 13 C-NMR spectrum, the anomeric carbon signal of another carbohydrate was observed at 91.6, this being in a higher field than the general anomeric signal of theglucoside. By comparing with the NMR data for various carbohydrates, the signal pattern of another carbohydrate was found to be similar to that of thioglucose. 15, 16) The results of these spectral analyses suggest that the structure of the new GSL compound was 4-(-D-glucopyranosyldisulfanyl)butyl desulfo-GSL (2b, Fig. 3) .
Preparation of the new desulfo-GSL
To confirm the chemical structure, the new desulfo-GSL (2b) was prepared by a base-catalyzed exchange reaction between dimeric 4-mercaptobutyl desulfo-GSL (3b), which had been isolated from rocket leaves and purified, and commercial 1-thio--D-glucose (5, Fig. 4) . After the exchange reaction, the solution was applied to HPLC, and four major peaks were obtained. 2b was chemically prepared from commercial 3b and 5, which was also isolated and purified from rocket leaves (see Preparation of the new GSL in the Materials and Methods section). Each peak was directly collected from the HPLC eluate, and then subjected to an MS analysis. In addition, the new desulfo-GSL was analyzed NMR technique for further confirmation. As a result, three compounds at t R 5.03, 15.12 and 23.95 min were identified as 
The corresponding GSLs represented in this equation are RS À , 1-thio--D-glucose (5); R 0 SSR 0 , dimeric 4-mercaptobutyl desulfo-GSL (3b); R 0 SSR, the new desulfo-GSL (2b); and R 0 S À , 4-mercaptobutyl desulfo-GSL (4b). The NMR spectra and the exchange reaction equation suggest that the new desulfo-GSL had two glucoses and an S-S bond (a disulfide structure) like that of 4b, but not as a symmetrical dimer.
3)
The disulfide of 4-mercaptobutyl isothiocyanate (-S-CH 2 -CH 2 -CH 2 -CH 2 -N=C=S) 2 has previously been identified as a major component in the dichloromethane extracts of macerated and incubated rocket leaves. However, the precursor of this isothiocyanate has not previously been investigated. 1) Interestingly, Bennett et al.
3) have identified the structurally unique GSLs, 4-mercaptobutyl GSL (4a) and the corresponding dimeric GSL (3a), in leaves of rocket salad. The authors of that work claimed that 3a was an artifact formed from 4a by non-enzymatic oxidation during the extraction process. Our results indicate the new GSL (2a) to be closely related with 3a because of the similar chemical structure having two glucoses and an S-S bond. Consequently, 4a may be the precursor of both 2a and 3a.
Details of the biosynthetic pathway to the new GSL (2a) are presently unknown. 1-Thio--D-glucose (5) was not detected by HPLC in this study, probably due to its rapid metabolic turnover rate in rocket leaves. However, 5 may be a key compound indicating connection between a sulfide and UDP-glucose in rocket leaves. Consequently, we propose that the biosynthetic route to the new GSL (2a) may be as follows:
4-methylthiobutyl GSL ! 4-mercaptobutyl GSL (4a) + 1-thio--D-glucose (5) derived from sulfide and UDP-glucose ! 4-(-D-glucopyranosyldisulfanyl) butyl GSL (2a).
This pathway to 2a remains speculative, however, and it is necessary to investigate whether intact 5 is present in the plant kingdom.
Antioxidative activity of the new GSL Flavonoids and some phenolic compounds, as well as the breakdown products of GSLs, have recently gained increasing attention to their role as an antioxidant, which may help to explain the protective effect of a vegetablerich diet on potential cancer prevention. 18) Even though many studies have demonstrated that some breakdown products (e.g. methylsulfinylalkyl isothiocyanates) of GSLs can induce phase-2 detoxification enzymes such as quinone reductase and glutathione S-transferase in both cell cultures and in vivo, 5, 7, 8) desulfo-GSLs have not been studied for their antioxidative role. The antioxidative activity of the two purified desulfo-GSLs from the leaves of rocket salad was measured by the XYZ-dish method (Table 2) , the activity value (2.089 unit/g, n ¼ 3) of the new desulfo-GSL being 1.7 times higher than that of dimeric 4-mercaptobutyl desulfo-GSL (1.227 unit/g) due to the asymmetrical S-S bond as an electron donor. This result demonstrates that the side chain of the parent GSL was important for its antioxidative activity. Consequently, the XYZ-dish method may be a convenient method for screening the DPPH radical-scavenging activity. 19) Moreover, Iwai et al. 13) have reported that the antioxidative activities measured by the same method in homogenates of blueberry and natto were 7.191 and 2.013 unit/g, respectively. These results demonstrate that the purified desulfo-GSLs showed a medium level of antioxidative activity even though Plumb et al. have reported that the antioxidative action of the crucifers was not due to the glucosinolate content, but to phenolic compounds. 
